ABSTRACT To ensure high-performance tracking control of cable-driven manipulators under complex uncertainties, we propose a novel optimal nonsingular terminal sliding mode (ONTSM) control scheme using super-twisting algorithm (STA) and time-delay estimation (TDE) technique. The TDE technique is applied as framework to take advantage of its model-free nature. Meanwhile, by introducing a quadratic performance index, we design an ONTSM manifold to achieve high dynamical performance in the sliding mode phase. Afterward, the modified STA is utilized to provide good performance in the reaching phase. Thanks to above three elements, the proposed ONTSM control with STA and TDE schemes is model-free and easy to apply in complicated practical applications. The stability of the closed-loop control system is analyzed considering the ONTSM and STA dynamics. Finally, comparative experiments were performed to demonstrate the effectiveness and superiorities of our newly proposed control scheme over two existing control schemes.
I. INTRODUCTION
For the past few years, cable-driven manipulators have been used in a growing number of practical applications [1] - [5] . The core idea of cable-driven manipulators is to move the drive motors from the joints to the base and transmit motion/force with cables. Compared with the traditional industrial manipulators, the cable-driven ones can guarantee lower moving inertial, larger load-to-weight ratio and better safety for interactions with human [6] , [7] . Meanwhile, above-mentioned features also bring about extra difficulties for accurate control of cable-driven manipulators. The main difficulties include complex system dynamics, joint flexibility, low stiffness and external disturbance [8] , [9] . Thus, it is still a challenging job to design proper control schemes for the cable-driven manipulators.
To efficiently solve the accurate control problem of systems with joint flexibility, scholars and engineers have designed several robust control schemes. To accurately control the fully constrained cable-driven parallel robots with elastic cables, a novel adaptive robust control (ARC) was proposed based on the singular perturbation theory [10] . In [11] , a new three-layer adaptive diving control scheme was proposed and investigated for a cable-driven underwater parallel platform, which mainly uses an adaptive radial basis function neural network-based backstepping sliding mode (SM) control algorithm (ARBFNN-BSMC). For the trajectory tracking control of cooperative cable parallel manipulators for multiple mobile cranes (CPMMC), a robust iterative learning control scheme was proposed and investigated which is based on the linearization of the system dynamics [12] . As one of the most powerful tools to handle lumped uncertainties, the SM control has also been used in the control design of the systems with flexibilities [11] , [13] , [14] . There are two phases in the SM control scheme, i.e. reaching phase and SM phase.
In the reaching phase, the system states will be forced to a pre-designed SM manifold and then stay on it. Afterwards, it turns into the sliding phase and the system states will slide on the pre-designed SM manifold. When the system states reach and stay on the SM manifold, strong robustness can be effectively guaranteed. To perform SM control, switching term with sufficiently large gain is usually adopted to ensure the reachability of the SM manifold. However, this design will lead to the well-known chattering problem [15] - [18] . For practical applications, chattering can obviously degrade the control performance and even bring about serious damages to the system hardware.
To suppress the chattering issue for SM control schemes, scholars and engineers have proposed several techniques, such as boundary layer method [15] , [16] , adaptive control [19] , [20] , reaching law [21] , [22] , fuzzy logic control [23] , [24] , neural networks control [25] , [26] and high-order SM (HOSM) control [28] , [29] . Thanks to its good ability to ensure high performance control and effective suppression of chattering simultaneously, HOSM control has been widely used in lots of systems [30] - [32] . In the meantime, super-twisting algorithm (STA), as one of the most effective HOSM control scheme, can guarantee high control performance using continuous control effort. Due to this obvious advantage, STA has been widely applied for many systems [33] - [35] . Nevertheless, the system dynamics or complex estimation algorithms will be required to perform above-mentioned control schemes, and this is not suitable for most practical applications.
Time-delay estimation (TDE) technique is a simple but efficient method to solve aforementioned issues. By using the time-delayed system states to estimate the current system dynamics, TDE can ensure an attractive model-free scheme [36] - [38] . In the meantime, the application of TDE technique will also bring about estimation errors especially when the system contains fast time-varying dynamics. Thus, the TDE is usually combined with other robust control schemes to guarantee high control performance [39] - [42] . The resulting TDE-based robust control schemes can enjoy both the model-free feature and high control performance. Benefitting from aforementioned advantages, TDE-based robust control schemes have been widely used in lots of practical systems, such as robotic excavator [43] , [44] , underwater robots [39] , [45] , manipulators [36] - [38] , [40] , [46] , and exoskeletons [47] , [48] . Recently, a novel TDE-based optimal STA (OSTA) control scheme was proposed for the tracking control of robot manipulators [49] . The proposed control uses TDE technique as framework to enjoy its model-free feature, while utilizes optimal sliding surface and STA to ensure high control performance. Simulation and experimental results verified the effectiveness of the proposed TDE-based OSTA control scheme. However, the abovementioned control scheme can still be further improved in the following two aspects: 1) the optimal SM (OSM) manifold used in [49] is based on linear error dynamics, whereas the terminal SM (TSM) manifold can provide better comprehensive performance; 2) standard STA was utilized in [49] which can be further enhanced.
Inspired by above-mentioned works, we propose a novel TDE-based optimal nonsingular TSM (ONTSM) control scheme with modified STA. The proposed control scheme contains three terms, i.e. TDE technique and ONTSM dynamics and modified STA scheme. The TDE technique is used as framework to take advantage of its model-free feature, while ONTSM dynamics and modified STA are applied to guarantee fast convergence and high control accuracy. Thanks to above three terms, the proposed control scheme can ensure high control performance in a simple way. The stability of the closed-loop control system is proved based on Lyapunov's method. Comparative experiments using a newly developed cable-driven manipulator were performed. The obtained experimental results show that our newly proposed control scheme can ensure high control accuracy, fast convergence and strong robustness.
The contributions of this paper are: 1) to propose a new ONTSM manifold. By introducing a nonlinear error dynamic term into the existing OSM manifold [49] , we propose a novel ONTSM manifold which can guarantee better performance; 2) to design a novel TDE-based ONTSM control with STA. By combining the newly designed ONTSM manifold, modified STA and TDE technique, the newly proposed control scheme can ensure high control performance in a simple way; 3) to analyze the stability of the closed-loop control system considering the ONTSM and STA dynamics; 4) to demonstrate the effectiveness and advantages of our proposed control schemes through two comparative experiments. The rest of this paper is organized as follows. Section II gives the problem description, while Section III presents the proposed control scheme design and discussions. Then, Section IV presents the experimental results. Finally, Section V concludes this paper.
II. PROBLEM DESCRIPTION
The dynamic model of a cable-driven manipulator can be described by [50] 
where φ (t) , q (t) are position vectors of the motor and joint, I and D M represent inertia and damping matrices of the motor, τ M (t) and τ S (t) are torque vectors given by the motors and joint compliance. m(q(t)) and c (q (t) ,q (t)) stand for the inertia and Coriolis/centrifugal matrices of the manipulator, meanwhile g(q(t)) and f (q (t) ,q (t)) are the gravitational and friction vectors of the manipulator. τ D (t) represents the lumped uncertainties including parameter variation and external disturbances. D S and K S stand for the joint damping and stiffness matrices of the manipulators.
By introducing a diagonal matrixm with positive constant elements and combining (1) with (2), we havē
where N(t) is defined as
It can be observed from (5) that N(t) contains all the system dynamics expect formq (t). Therefore, N(t) is quite complex and difficult to obtain. The control objective of this paper is to design a simple control τ M (t) to track a given reference trajectory as accurate as possible.
Remark 1:
The motor dynamics seem to disappear in the integrated dynamic equation (4), which, however, is not the fact. The motor dynamics are described by the term N(t) as shown in (5), which means we will consider the motor dynamics in the forthcoming control scheme design. Additionally, we can observe from (4) that all the system dynamics expect formq (t) are regarded as uncertain here. This arrangement is necessary to apply the TDE technique, and its reasonability has been widely demonstrated in the existing works concerning TDE-based control [7] - [9] , [36] - [51] . Moreover, above arrangement will bring in a fascinating model-free feature for the TDE-based control, which will be further explained in next section.
III. PROPOSED CONTROL SCHEME DESIGN
In this section, a novel TDE-based ONTSM control scheme is proposed using modified STA scheme, which is inspired by the one proposed in [49] .
A. RE-ORGANIZATION OF SYSTEM DYNAMICS
For the system dynamics (4), it can be re-organized as
Equation (6) can be transformed into the following forṁ
where
Meanwhile, the matrices A and B are defined as
Then, the proposed control scheme will be given based on above dynamic equation and the following assumptions.
Assumption 1: The reference trajectory z d (t) is smooth, i.e. its derivative exists and is bounded.
Assumption 2 [49] : The element w(t) = [w 1 (t), . . . , w n (t)] T is continuously differentiable with respect to time and varies not large within a small period of time.
B. ONTSM CONTROL DESIGN WITH STA AND TDE
Define the tracking error as e(t) = z(t)-z d (t). Afterwards, the nominal error dynamics of the equivalent linear system (7) can be expressed aṡ
Designing the following quadratic performance index (10) where v 0 (t) = v(t) minimizes above index, P R 2n×2n is a symmetric positive definite matrix, Q R n×n is a positive defined matrix. Using the classical optimal control theory, we can design the optimal control as
where R R 2 n×2 n can be obtained by solving the following algebraic Riccati equation (ARE)
To ensure fast dynamical response and high control accuracy, we design the following ONTSM manifold as
α dt (13) where θ R n×2 n is consist of positive gains and should be selected such that θB is nonsingular, while e(0) stands for the initial tracking error vector. α is a control parameter and its elements satisfies 0 < α ii < 1. The notation sig(e(t) α ) = |e 1 (t)| α 1 sgn (e 1 (t)) , . . . , |e n (t)| α n sgn (e n (t)) T is utilized for simplicity. Differentiating (13) along time, we havė
Then, we utilize the modified STA scheme to obtain good comprehensive performance in the reaching phasė
where ρ 1 , ρ 2 , ρ 3 , ρ 4 are diagonal matrices with positive constant elements, which are given as (39) in the appendix. Thus, the proposed control scheme is designed as
× sig (e (t)) α − θAz (t))−ŵ (t) (16) with G = θB and u(t) defined as (17) whereŵ (t) = −m −1N (t) is the estimation of w(t). VOLUME 6, 2018 To simplify the proposed control scheme, we substitute the definition ofv(t) and w(t) into (16)- (17) as
× sig (e (t)) α − θAz (t)) +N (t) (18) whereN (t) stands for the estimation of N(t) defined in (5) . As demonstrated in above subsection, the N(t) is extremely complicated and can be very difficult to obtain using conventional methods. Therefore, the TDE scheme is utilized to obtain N(t) in a simple way, which can be expressed aŝ
where t stands for the delayed time and is usually selected as one or several sampling periods.
Combining (4) with (19), we havê
It can be observed from (20) that no system dynamics are required to perform TDE, therefore the TDE scheme can provide a fascinating model-free nature. This obvious advantage is very useful in complicated practical applications since the system dynamics are usually difficult to obtain. Finally, our newly proposed TDE-based ONTSM control scheme with STA can be given as (21) with u(t) given in (17) . The block diagram of the proposed TDE-based ONTSM control scheme is depicted in Fig. 1 . Thanks to the application of TDE technique, our newly proposed TDE-based ONSTM control scheme is model-free and easy to use in complicated practical applications. In the meantime, high control performance can also be effectively ensured with the newly designed ONTSM manifold and modified STA. Above claims will be experimentally demonstrated afterwards, and the stability of the closed-loop control system is given in the appendix.
Remark 2: As shown in (19) - (20), the TDE technique can estimate the complex N(t) just using τ M (t-t) andq (t-t). However, this estimation will be inaccurate and bring in large estimation errors when N(t) has fast time-varying dynamics. Fortunately, the potential large estimation errors can be effectively suppressed with our designed ONTSM control scheme.
C. DISCUSSIONS
Recently, a novel OSTA using TDE technique is proposed for robot manipulators as (22) with u(t), SM manifold and STA defined as
where the control parameters for (22)- (25) are exactly the same as the ones used in our proposed method (21) .
Comparing the proposed method (21) with the existing one (22), we can observe that two improvements have been made. First, our proposed method utilizes a newly designed ONTSM error dynamics for the SM manifold, whereas the existing one uses traditional linear error dynamics to design SM manifold. It has been widely demonstrated that NTSM error dynamics can ensure better comprehensive performance than the linear error dynamics [21] , [22] , [40] . Therefore, the application of our newly proposed ONTSM manifold will guarantee better control performance than the existing method (22) . Second, the modified STA scheme (15) is used in our proposed control scheme (21) , whereas the standard one (25) is utilized in the existing method (22) . This can also effectively improve the control performance.
To conclude, our newly proposed control scheme can provide better comprehensive control performance than the existing one (22) thanks to the newly designed ONTSM dynamics and modified STA scheme. Above claims will be verified through experiments in the following section.
Remark 3: As shown in (20) , the signals τ M (t − t) and q (t − t) are required to apply TDE technique. The former can be easily obtained using the time-delayed value of τ M (t), whereas the latter is usually achieved with numerical differentiation when no acceleration sensors are available [39] 
where T ≥ 2 t is a constant. We can observe from (26) that the term q i (t-2 t) will have no physical meaning when t < 2 t (i.e. t = t) and then it will be set to 0 at t = t. Under this condition, the terms q i (t) and q i (t− t) will have real measure values, while q i (t−2 t) is manually set to 0. Then, the calculationq i (t − t) = (q i (t) − 2 q i (t-t) + q i (t-2 t))/( t) 2 will fail and even lead to potential fluctuation in the initial phase since t is usually very small. Calculation (26) and its initial versionq 2 , t ≥ 0 have been widely used in many TDE-based control schemes [37] - [42] . Obviously, the application of numerical differentiation will enlarge the noise effect, which can be effectively suppressed by using extra first-order digital lowpass filters or reducing the gain matrixm [37] - [42] .
Remark 4: For the effective suppression of noise effect, it has been theoretically proved in [40] that lowering the elements ofm has the same effect with using a first-order digital low-pass filter. On the other hand, as shown in the appendix, the TDE error is defined as ε (t) = w (t) −ŵ (t) = m −1 N (t) − N (t) . It is obvious that largerm will ensure smaller ε(t) and then lead to high control accuracy. But inappropriately largem will greatly enlarge the noise effect and in turn degrade the control performance. Therefore, tuningm is usually quite important in the TDE-based control schemes. Fortunately, tuningm can be quite easy and straightforward by increasing its elements from small positive values to large ones, while checking the control errors and efforts.
IV. EXPERIMENTAL VERIFICATIONS
To demonstrate the effectiveness and superiorities of our proposed TDE-based ONTSM control scheme in practical applications, we performed three comparative experiments using a newly developed cable-driven manipulator named Polaris-I. In experiment one, Polaris-I was commanded to track a sinusoidal reference trajectory with a period of T = 24 s. In experiment two, a sinusoidal reference trajectory with a period of T = 12 s and constant position for last 5 seconds was sent to Polaris-I. Afterwards, an extra 0.5kg load was added into the end effector of Polaris-I, then it was controlled to track the same sinusoidal reference trajectory as experiment one. Experiment three was performed to verify the robustness of our proposed control scheme.
A. EXPERIMENTAL SETUP
The cable-driven manipulator Polaris-I is given in Fig. 2 . As shown in Fig. 2 , the drive motors are all arranged in or near the base. Meanwhile, cables are utilized to transmit motion and force. This design will ensure lower moving inertial and better safety for interactions with human. The motors used FIGURE 2. The newly developed cable-driven manipulator Polaris-I.
in Polaris-I are Delta ECMA-CA0604SS which have rated speed and torque of 3000 rpm and 1.27 N · m, respectively. The motor drivers are ASD-A2-042-L.
The encoders E6B2-CWZ1X 2000P/R are used, which have resolution of 0.045 • . Both cable and planetary reducers are used in Polaris-I, which have reduction ratios of 1:3.3 and 1:10, respectively. Finally, the x PC system with a PCI-6229 board from National Instruments is used to execute the control algorithms.
Three TDE-based control schemes were experimented, i.e. our newly proposed one (21), the OSTA scheme from [49] (22) and the STA scheme from [51] . The third control scheme can be written as (27) with STA defined as (25) and SM manifold designed as
where e 1 (t) = q d (t) − q(t) is the tracking error. In order to make the comparisons fair, Controller 2 is obtained by setting α = diag(1, 1) and ρ 2 = ρ 4 = 0 for our proposed control scheme. Meanwhile, the parameters for Controller 3 are chosen exactly the same with ours and k 1 = diag(1.2, 1.2). It should be noted that the control parameters used above satisfy the stability conditions for all three control schemes.
B. EXPERIMENTAL RESULTS

1) EXPERIMENT ONE
In this case, Polaris-I was controlled to track a sinusoidal reference trajectory with a period of T = 24 s. Corresponding experimental results are given in Fig. 3-6 . In the meantime, the root-mean-square errors (RMSE) and Maximum errors (MAE) are calculated using the experimental data from the second period. They are used to concisely describe the control performance in the steady phase. The obtained results are given in Table 1 . As shown in Fig. 3-6 , all three TDE-based control schemes can guarantee good tracking control performance for Polaris-I. Relative high tracking accuracy has been clearly observed with all three control schemes. This result strongly verifies the effectiveness of TDE technique, ONTSM manifold, OSTA and STA schemes. Nevertheless, our newly proposed TDE-based ONTSM control scheme can still ensure the highest control accuracy and fastest convergence as shown in Fig. 4 and Fig. 5 . This result effectively verifies the superiorities of our newly designed ONTSM manifold (13) over the existing SM manifold with linear error dynamics (24) and the superiorities of modified STA (15) over the standard STA (25) . As shown in Fig. 4 , there are five control error peaks throughout the overall control process. The initial one is caused by the gravity, while the other four peaks are mainly caused by the frictions. Benefiting from the ONTSM manifold and modified STA scheme, our newly proposed method has ensured the highest tracking precision in all five peaks. Taking Fig. 6 for further analysis, we can see that the control torques for all three control schemes are a little noisy but bounded without any noticeable chatters. This result effectively demonstrate the validity of TDE technique and the numerical differentiation (26) . Additionally, the control torques start from zero as shown in Fig. 6 . This is reasonable since Polaris-I starts to track the desired trajectory from still condition and all the initial values are set to zero in the control scheme.
To make the comparison clear and accurate, we analyze the experimental results from Table 1 . For the RMSE, our newly proposed control scheme can ensure 0.26 • and 0.21 • for joint 1 and 2, respectively. The RMSE values by our method are 74.3% and 72.4% of the ones by Controller 2 for joint 1 and 2, respectively. In the meantime, the RMSE values by our method are 60.5% and 55.3% of the ones by Controller 3 for joint 1 and 2, respectively. Similar results can be achieved for the MAE values. Obviously, our newly proposed method has effectively improved the control performance compared with the existing control schemes.
2) EXPERIMENT TWO
A faster sinusoidal reference trajectory with a period of T = 12 s and constant position for last 5 seconds is sent to Polaris-I to further verify the effectiveness of our proposed control scheme. The results are given in Fig. 7-11 . Meanwhile, the RMSE and MAE are also calculated with the data from 12 s to 24s and they are presented in Table 2 . As indicated in the obtained results Fig. 7-11 , all three control schemes experimented can still ensure good tracking of the reference trajectory. This result further verifies the effectiveness of the TDE technique, ONTSM manifold, OSTA and STA schemes. Meanwhile, our proposed TDE-based ONTSM control scheme can still provide the best comprehensive control performance among all three control VOLUME 6, 2018 schemes as shown in Fig. 8-10 . This result further verifies the superiorities of our designed ONTSM manifold (13) over the traditional SM manifold and the modified STA (15) over the standard STA (25) . Similarly, the control torques also start from zero as explained aforesaid.
Taking Table 2 to analyze, we can see that the control performance degrade a little for all three control schemes when the reference trajectory speeds up. Still, our proposed control scheme can ensure the best performance. This result further demonstrates the effectiveness and superiorities of our proposed control scheme over the existing ones.
3) EXPERIMENT THREE
To demonstrate the robustness of our newly proposed control scheme, we add an extra 0.5 kg load to the end effector of Polaris-I. Note that the last two links of Polaris-I have weights of 2.5 kg and 1.2 kg, respectively. Corresponding results are given in Fig. 12-15 . Also, the RMSE and MAE values are calculated using the second period experimental data and given in Table 3 . As shown in Fig. 12-15 , our newly proposed control scheme can still guarantee satisfactory control performance with an extra 0.5 kg load. This result strongly demonstrates the robustness of our proposed control scheme. To make the analysis concise and quantitative, we take Table 3 to analyze. The RMSE values increase 7.7% and 0% for joint 1 and 2, while the MAE values increase 2.1% and 4.6% for joint 1 and 2. Taking the link weights into consideration, we can see that good robustness has been achieved with our newly proposed control scheme. By comparing Table 1 and  Table 3 , we can clearly see that our proposed control scheme can even guarantee better control performance with extra load than the other two control schemes without load.
To conclude, above three comparative experiments have strongly demonstrated the effectiveness and superiorities of our proposed control scheme over two existing methods. High control accuracy, fast convergence and strong robustness have been clearly observed with our newly proposed control scheme.
V. CONCLUSION
In this paper, we propose a novel TDE-based ONTSM control with STA scheme for the trajectory tracking of cabledriven manipulators. The proposed method utilizes TDE as framework to take advantage of the model-free nature from TDE. Meanwhile, the ONTSM manifold and modified STA are utilized to ensure high control accuracy and fast convergence. Benefitting from above three elements, the proposed control scheme is model-free and easy to use in complicated practical applications; and it can still guarantee high control performance with this simple structure. The stability of the closed-loop system is proved considering the ONTSM and STA dynamics. Finally, the effectiveness and superiorities of our proposed control scheme over two existing methods were demonstrated by three comparative experiments using a cable-driven manipulator Polaris-I.
APPENDIX
The stability of the closed-loop control system is briefly proved using similar procedure from [49] and [52] . Substituting the proposed control scheme (16) into the linear equivalent system dynamics (7), we havė
where ε (t) = w (t) −ŵ (t) is the so-called TDE error anḋ ε (t) is bounded as proved in [49] . To make the analysis concise, we will take the i-DOF to analyze. Then, we havė
Remark 5: It has been demonstrated thatε (t) is bounded as |ε i (t)| ≤ δ i . Therefore, |ε i (t)| ≤ δ 1i + δ 2i |s i (t)| can be easily ensured by selecting δ 1i = δ i and δ 2i as an arbitrary positive value.
Define a new vector µ(t) = [sig(s i (t)) 0.5 , s i (t), ϑ i (t)] T with initial value defined as µ(0). It can be observed that when µ(t) is proved to be bounded, the element s i (t) will also be bounded correspondingly.
Then, select a Lyapunov candidate as
Remark 6: The chosen Lyapunov candidate (31) is continuous and differentiable everywhere except at s i (t) = 0. Therefore, the widely used Lyapunov's second method will be invalid here. Nevertheless, the convergence feature can be demonstrated in the means of Zubov's theorem [53] , [54] . On the other hand, we will apply the arguments reported in [54] and [55] when V ( µ(t)) is not differentiable at s i (t) = 0. More information can be found in [53] .
The Lyapunov candidate (31) can be re-structured as
with = T defined as
For the Lyapunov candidate (31), we have
stands for the Euclidean norm of µ(t), λ min { } and λ max { } are the minimum and maximum eigenvalues of .
Then, differentiating V (µ(t)) respect to time yieldṡ
) where 1 , 2 and η 1 (t) are defined as
where 1 , 2 are defined as
Combining (36) with (35), we havė
Then,V (µ (t)) will be negative definite under the condition that ( 1 − 1 ) > 0 and ( 2 − 2 ) > 0 are satisfied simultaneously. Meanwhile, this condition can be effectively ensured when the ρ 1i , ρ 2i , ρ 3i , ρ 4i , are chosen as
with h 1i defined as
For every given δ 1i and δ 2i , it is always possible to choose positive constant elements ρ 1i , ρ 2i , ρ 3i , ρ 4i using (39), (40) . Equation (38) can be further rewritten aṡ V (µ (t)) ≤ − 1
Since |s i | 0.5 ≤ µ 2 ≤ V 0.5 (µ)/λ 0.5 min { } holds, the following inequality can be obtained by substituting (34) into (41)
with k 1 and k 2 defined as
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